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Neutron Spir-Echo (NSE) spectroscopy has been employed to study the interfacial properties of reverse
micelles formed with the common surfactant sodium bis-2-ethylhexyl-sulfosuccinate (AOT) in liquid alkane
solvents and compressed propane. NSE spectroscopy provides a means to measure small energy transfers for
incident neutrons that correspond to thermal fluctuations on the nanosecond time scale and has been applied
to the study of colloidal systems. NSE offers the unique ability to perform dynamic measurements of thermally
induced shape fluctuation in the AOT surfactant monolayer. This study investigates the effects of the bulk
solvent properties, water content, and the addition of octanol cosurfactant on the bending elasticity of AOT
reverse micelles and the reverse micelle dynamics. By altering these solvent properties, specific trends in the
bending elasticity constark, are observed where increasikgorresponds to an increase in micelle rigidity

and a decrease in intermicellar exchange taleThe observed corresponding trend& endke, are significant

in relating the dynamics of microemulsions and their application as a reaction media. Compressed propane
was also examined for the first time with a high-pressure, compressible bulk solvent where variations in
temperature and pressure are used to tune the properties of the bulk phase. A decrease in the bending elasticity
is observed for the d-propane/AQV/~ 8 reverse micelle system by simultaneously increasing the temperature

and pressure, maintaining constant density. With isopycnic conditions, a constant translational diffusion of
the reverse micelles through the bulk phase is observed, conforming to the -SEdkstein relationship.

Introduction nuclei. Neutron scattering also varies significantly between
atomic isotopes whereas their chemical properties remain largely
the same. This enables the use of contrast variation methods
with AOT reverse micelle microemulsions consisting of deu-
terated water, deuterated bulk solvent, and hydrogenated AOT
surfactant, such that the motions of the AOT surfactant
monolayer can be selectively probed. Neutron Siiicho
(NSE) spectroscopy is complementary to SANS, providing
o . . . dynamic measurements of the scattering system while SANS
consisting of translational diffusion, shape deformations, and relates a static representation. SANS has been widely used in

|n§err|1|1|ce(ljl_ar exck:jangtﬁ_ of the aquegus (;:@re%‘OT _;_ev?rsli studying microemulsion systems to determine the size and shape
micelies dispersed within compressed and supercritical alkanesyg o 4 ctant aggregates by measuring elastic neutron scattering.
have been studied by a wide variety of techniques including

. . . NSE is a quasielastic method that measures energy transfers,
the following: phase behavior and conductivity measurements q 9y

. - -~ in the 0.01 to 200 ns time scale, as a function of the scattering
to dete_rm|_ne water uptake, phase transitions, and Staﬁth’ vector, Q, which depends on the space correlation of the
dynamic light scattering (DLS), small-angle X-ray scattering scattering systert® This study implements NSE to measure
(SAXS), and small ‘.”m%e neutron scattering (SANS) to deter- jceyiar diffusion and shape fluctuations in surfactant mono-
mine structur_e and siZs1%and fluoresgence and so_Ivatochromlc layers to studying AOT reverse micelle dynamiest The
spectroscopic methods to characterize local environmiérits.

In this studv. th thod of Neutron Seifich ¢ measured bending elasticities demonstrate the same trends
n this study, the method of INeutron SpIkCho SPECIrosCopy — ,pserved in intermicellar exchange kinetics and nanopatrticle
(NSE) is used to determine the effects of water content and

bulk solvent i AOT icelle d .~ %" synthesis, thus supporting the connection between the micelle
ulk solvent properties on reverse micelle dynamics In i facial properties and the application as a reaction media.

hexane, cyclohexane, and compressed propane solvents W'”}l\dditionally, this is the first NSE investigation of reverse micelle

variations in temperature a“?' pressure. i dynamics in a high pressure, compressible bulk solvent and
Neutron spectroscopy provides unique instrumentation for the yemonstrates the ability to control the micelle dynamics by

study of colloidal systems based on the premise that neutronsying the adjustable solvent properties of the bulk solvent by
are not electrically charged and interact solely with the atomic using temperature and pressure.

The anionic surfactant sodium bis-2-ethylhexyl-sulfosuccinate
(AQT) is widely known to form stable microemulsions consist-
ing of water, AOT, and a bulk organic solvent. In the oil rich
region of the ternary phase diagram, AOT surfactant self-
assembles into spherical reverse micelles with a water core on
the order of a few nanometers in diametérThe thermody-
namically stable, AOT reverse micelles are dynamic in nature
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bending elasticity, each of which are dependent on the surfactantdetermination of the micelle size, shape, and polydispersity by
structure, additives, ionic strength, solvent properties, and scattering techniqued.The polydispersity values obtained for
temperaturé?—24 The Helfrich stabilization model, eq 1, relates AOT reverse micelles and other colloidal systems have been
the bending energy of a spherical microemulsion droplet to the indirectly used to determine values for the bending elasticity
bending elasticitk, saddle-splay elasticity, and the spontane-  of surfactant layers, both independently and in conjunction with
ous curvatureRs??2 R; andR; are the principal curvature radii  other methods. The various methods used to determine the

and 5is a surface area element. bending elasticities for the liquid-phase AOT system have
resulted in inconsistencies in the values reported throughout the
Epeng= k f ds 1 + 1_2 +k f dsi (1) literature. NSE has been dempnstrateql to be an effective method

2 R R RR for determination of the bending elasticity of surfactant mono-

layers, including the AOT reverse micelle system.

Each of these terms contributes to the stability and structure  The spontaneous curvature, saddle splay elasticity, and
of the emulsion. Values dfcan range from fractions ¢&T to bending elasticity can be determined from shape fluctuations
100kgT. Rigid structures including membranes and lipid bilayers in the reverse micelles which are measured by NSE. This study
often fall in the 10 to 10&gT range while microemulsions and  examines the effect of the bulk solvent and water content on
vesicle structures which are much less rigid hivealues on  the properties of the AOT reverse micelles, specifically the
the order of 1kgT or less?>2¢ Values below 0.kgT typically bending elasticityk. The liquid alkane solvents investigated
result in emulsion instability. The ratidk is also related to the include d-hexane, d-cyclohexane, aneldetane, which are
emulsion structure withk/k between —1 and 0 vyielding similar in composition but vary in structure, viscosity, and
bicontinuous phases while values betweed and —1 give solvent strength. The influence of th& value on micelle
spherical microemulsior®:>” Recent studies ok for micro- dynamics is also of interest due to the demonstrated effects on
emulsion systems have reported valuekaf the 0.2 to 0.8 the intermicellar exchange rate. Compressible fluids have the
ksT range?>?"28however, cross-researcher and cross-method unique advantage of the tunable solvent properties which afford
comparisons often lead to inconsistencies, as will be discussedthe ability to adjust the microemulsion properties by using
in the following sections. temperature and pressure. The compressed propane microemul-

The surfactant monolayer properties largely control micelle sion is thermodynamically stable over a range of temperatures
dynamics and play an important role in micelle kinetics with and pressures allowing for adjustments in the bulk solvent
applications to reactions and nanomaterial synthesis. In athermophysical properties. The effects of varying bulk com-
previous study, we demonstrated that the bulk alkane solventpressed propane solvent properties on the dynamics of micro-
and AOT surfactant tail interaction affect the growth rate of emulsions through changes in temperature and pressure are

copper nanoparticles within the AOT reverse micelles via investigated by using neutron scattering techniques
intermicellar exchange dynamics. In particular, the growth rate

in cyclohexane was shown to be considerably lower than that Neutron Scattering
in other n-alkane liquid solvent?® Investigations of other
reaction systems, including nanoparticle synthesis, have dem-
onstrated similar trends for the effects of the bulk solvent
properties on the intermicellar exchange rakg.3°3! In
particular, Fletcher et al. performed an in-depth study of the
solvent effects on thdey kinetics of AOT reverse micelles,
demonstrating increases kay with increasing chain length of
n-alkane solvents and significantly lowksy in cyclohexané.

The water content of the AOT reverse micelle system, where
W = [H,O]/[AOT], is related to the reverse micelle water core
radius by? r (nm) = 0.18V and has also been shown to
influencekey, suggesting a maximum ikex and nanoparticle
growth rates in the vicinity of\V = 103:29.31.33:39

SANS has been used extensively in studying microemulsions
as they exist in single and multiple phases to understand the
thermodynamics and interaction energetics associated with phase
transitions at various positions on the oil/water/surfactant ternary
phase diagrarf? 47 SANS studies were influential in determin-
ing the structure and existence of AOT microemulsions in
compressed propane and eth&8h@l44849 Reverse micelle
microemulsions are dynamic systems and describing their
structure with SANS requires the use of a polydispersity term
that accounts for the range of micelle diameters observed by
the “static picture” of the entire microemulsion system. Equation
2 demonstrates the relationship between polydispersity and

Many of the discussions concerning intermicellar exchange kT R, 3kT 1
rates and nanoparticle growth rates within AOT reverse micelles p? = ——|6(2k + K) — 8k= — —f(¢) 2)
suggest that the physical properties of the AOT monolayer 4r Ry, 2n

govern micelle dynamics and patrticle synthesis within the media.

The property most commonly referred to is the micelle rigidity; spherical reverse micelles wheRg is the mean radiusRs is
however, the physical properties of surfactant monolayers alsothe radius of spontaneous curvature, d@) is the mixing
include lateral elasticity, bending elasticities, interfacial forces, entropy per droplet as a function of the volume fracijot¥—>52

and spontaneous curvature. Helfrich’s model accounts for eachThe polydispersity equation also demonstrates the contribution
of these contributions to the interfacial elasticity of surfactant of the bending elasticitik and saddle-splay elasticikyand few
monolayers. Values for the parameters have been determinedstudies have determined values of the elastic terms using SANS
by a variety of macroscopic and microscopic techniques with measurement®:53 Comparison of the bending elasticity terms
somewhat inconsistent results. Binks et al. determined the obtained from SANS with those from alternative methods
bending elasticity constant for AOT aggregates in brine systemsreveals significant inconsistencies which have been discussed
using macroscopic interfacial tension and ellipsometry measure-in the literature?1->4-57 Typical values ok are on the order of
ments and found that the bending elastickydecreased with ksT or smaller; however, the values obtained by SANS in the
increasing chain length from-heptane tan-tetradecane with literature are generally high&#58 These inconsistencies may
values ranging from 1.1 to 0.8gT, respectively’® Other be a result of the static nature of the SANS measurentéhis.
methods, including DLS and SANS, have been used to probe NSE spectroscopy measures the dynamic fluctuations of the
the properties of the AOT surfactant monolayer allowing surfactant monolayers for which the methods have been detailed
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in previous literaturé>>°The intermediate scattering function, increasing the temperature as well as decreasing the pré8sure.
1(Q,1)/1(Q,0), is measured by NSE and is related to an effective These results were observed with decane, a relatively incom-
diffusion coefficient,Ders (€q 3). TheQ-dependent effective  pressible fluid as the bulk solvent, which leads to an interesting
guestion concerning the effects of temperature and pressure on
1(Q)) = exp[-D (Q)ta] 3) the reverse micelle shape fluctuations dispersed in a compress-
1(0.0) (Q,0) PLI™Degr ible fluid such as propane or G& where the solvent properties
are tunable with pressure.
diffusion is comprised of a translational diffusion coefficient, The goal of this study is to investigate the role of the bulk
Dy, and a deformation diffusion coefficierqe(Q), representa-  solvent and water content on the elastic properties of the AOT
tive of the droplet shape deformations (eq 4). The energy reverse micelle system. The deuterated bulk solvents studied
associated with droplet deformations resulting from thermal jnclude cyclohexane, hexane, decane, and compressed propane.
fluctuations in the surfactant monolayer can be used to determinegach of the solvents form single phase, stable reverse micelle
the spontaneous curvature of the AOT film, the saddle-splay mjcroemulsions at the conditions investigated and regions of
modulus, polydispersity of the micelles, and in particular the phase transitions were avoided. The liquid solvents, cyclohexane

bending modulus of elasticity of the AOT monolayéro* and hexane, were implemented as alkane solvents with the same
_ carbon number with differences in molecular structure, density,
Der(Q) = Dy + Deed Q) ) viscosity, and strength of interaction with the AOT surfactant
5 tails. Decane is a straight chain solvent with density and
D,(Q) = 52,f,(QRy) a,| T ) viscosity more comparable to cyclohexane than hexane. Com-
def -

2 ; 2 2 pressed propane was investigated where temperature and pres-
QAT (QRI" + S(QR) eI sure impact the bulk solvent properties. The influence of water
with content in the cyclohexane system was investigatefealues

of 5, 10, and 18. Investigation of these aspects of the AOT
f,(QR,) = [4j,(QR,) — QRojs(QRo)]z reverse micelle system by neutron spectroscopy will provide
further insight into the system and the governing properties of
From theQ_dependenDdef(Q) term, eq 5 is used to determine mice”e dyn.amiCS with applications to the kinetics of nanopar-
values for the damping frequency of the droplet deformation, ticle formation.
A2, and the mean-square displacement of the 2nd mode spherical
harmonics[Jiay|2)wherej,(x) is thenth spherical Bessel function ~ Experimental Section
and Ry is the mean droplet radi8.The A, and (a,|2Cterms
are obtained by fittind4e(Q) with eq 5 as a function o. 1,
is related to the elastic properties of the reverse micelle by eq
6, which was derived by Kawabata et?&P° and is based on
the model proposed by Seki et®ly is the bulk solvent
viscosity andy' is the DO core viscosity. By using the methods
of Kawabata et &85k is determined by eq 7 from combining
egs 2 and 6.

The liquid-phase microemulsions consisted gfdyclohex-
ane (99.5% D from Norell Inc.) orig-hexane (99% D from
Sigma-Aldrich) as the bulk organic solvent, 0.137 M AOT
surfactant (Sigma-Aldrich), and the necessary amount6i D
(Norell Inc.) for the desired water content. The addition of
1-octanol (Sigma-Aldrich) at 1.0 vol % was simply added to
the stable microemulsion. The resulting microemulsions were
single phase, stable, clear, and colorless solutions. The solutions
24y investigated includet values of 5, 10, and 18 in d-cyclohexane
p (6) bulk solvent W = 10 with d-hexane bulk solvent, al = 10
237 + 32 in d-cyclohexane with 1.0 vol % 1-octanol. Typically/ is
referred to as the molar ratio of,B to surfactant; however,
K= 1 E ey 323y’ + 32y 7 for the contrast matching neutron scattering measurements it is
4 21Ro 3y @) necessary to use ;D and for simplicity W will be used
interchangeably for both cases. AdditionaMW,is determined
Previous neutron spectroscopy studies on AOT and other by the amount of KO or DO added to the microemulsion; the
surfactant systems have concentrated mainly on microemulsiondissolved water in the solvents and AOT surfactant was assumed
phase transitions, as well as micelle structure, dynamics, andto be negligible.
shape fluctuations. Huang and co-workers studied the AOT The AOT reverse micelle microemulsion in compressed
reverse micelle system in decane as a function of water contentalkanes consisted ofggbropane (98% D from Cambridge
for W = 8 to 408 as well as the effects of pressure and the Isotope Labs) with 0.06 M AOT. The microemulsion was
addition of butanol cosurfactaft.The bending elasticity and  formed within a custom built 316 stainless steel high-pressure
diffusion constant were found to be independenif\tdithough vessel, specifically designed and built at Auburn University for
a majority of the W values investigated were rather large high-pressure NSE measurements. The vessel design consists
compared to those studied for many applications, including of two circular sapphire windows (12.5 mm thick, 44.45 mm
nanoparticle synthesis. The addition of butanol cosurfactant to diameter) sealed with Viton O-rings and three 1/8 in. HiP fittings
the AOT—decane system was found to result in a decrease in for inlet/outlet, RTD temperature control, 10 000 psi relief valve,
the bending modulu&.63Takeda and co-workef&!7used NSE and a Heise digital pressure gauge. The capacity of the vessel
and observed a decreasekinvith increasing temperature and is approximately 8 mL with a path length of 6.2 mm, which
decreasing pressure for the AOT reverse micelle system inwas reduced to 3.0 mm with the addition of quartz spacer
decane&®6465poth as a two-phase syst&rand withW = 18.450 windows. The accessible sample area for the neutron beam was
An increase in pressure was found to increase the rigidity of 38.1 mm in diameter to obtain the maximum signal from the
the AOT membrane while the membrane becomes more flexible 35 mm diameter neutron beam. An aluminum heating block
with temperature increases. In a later study it was concludedwas also constructed for temperature control with use of a
that size fluctuations and droplet diffusion are enhanced by silicone oil temperature bath and RTD temperature control

_ k(R ko 3KeT
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TABLE 1: Results Obtained from the PCF-HS Model Fit of the SANS Data for the Liquid Phase AOT Microemulsions

d-cyclohexane

d-hexane d-cyclohexane d-cyclohexane d-cyclohexane W=10+
W=10 wW=5 W=10 W=18 1.0 vol % octanol
vol fraction 0.079 0.066 0.079 0.099 0.089
av core radiugA) 17.9 12.4 18.1 317 18.0
polydispersity 0.39 0.33 0.24 0.22 0.24
shell thickness (A) 10.0 10.3 10.5 10.0 9.7
SLD contrast (A2 4.09% 10°® 3.34x 10°° 5.68x 10°° 5.91x 10°® 5.48x 10°®

device. The vessel was pressure tested to 500 bar for 48 hw = 10 system, it was necessary to fix the shell thickness to

without rupture.

obtain acceptable results from the model and a shell thickness

The SANS measurements were performed at the NIST Centerof 10 A was assumed based on the cyclohexane results and
for Neutron Research on the NG1 8m SANS with a distance of previously reported valuésThe DO core SLD was allowed
3.6m from the sample to the 2-D area detector. The liquid-phaseto vary during the curve fitting and an initial value of 6.37
microemulsions were loaded in 1.0 mm path length SANS liquid 1076 A~2 was used. The results obtained from the data fitting
sample holders. The wavelength of incident neutrons was 10 A confirm the core-shell structure and are listed in Table 1 and

with a momentum transfeiQ) range from 0.006 to 0.1 A&.

the reverse micelle radius is obtained from the sum of the core

The compressed propane SANS measurements were performedadius and the shell thickness. An expected decrease in core
by using the high-pressure vessel with a path length of 3.0 mm. radius with decreasin@/ is observed, as well as a decrease in

The wavelength of incident neutrons své A with g from 0.01
to 0.17 AL, Data reduction and fitting was done with SANS
software utilities provided by NIS¥.

the SLD of the core which may be the result of an increased
influence of the surfactant headgroup or the presence of
hydrogenated water that was not removed during surfactant

The NSE measurements were performed at the NIST Centerdrying. The polydispersity is influenced by the bulk solvent as

for Neutron Research on the NG5 Neutron Sgiftho spec-
trometer wih 6 A wavelength neutrons arti/A = 17.5%.
Measurements included the samples, backgrounds (vessel

well as the water content at low values. An increased
polydispersity was observed with d-hexane as the bulk solvent,
compared to d-cyclohexane. An increase in polydispersity is

solvent at each condition) and CarboPac (completely inelastic also observed in d-cyclohexane witti= 5 compared toV =

scattering sample to measure instrument resolution) at each ofl0 and 18. Interestingly, the addition of 1.0 vol % octanol,
theQ values, and the percent transmission of the neutron beamknown to act as a cosurfactant, had negligible effect on the
for each sample. The detector was positioned at four different polydispersity and micelle size. In contrast, the addition of

scattering angles to encompass the desednges. Fourier

butanol cosurfactant to the AGTdecane reverse micelle system

times were determined by the decay rate of the intermediate was reported to increase the polydisperéity.

scattering function and collection times were determined by the

intensity of the scattered neutrons.

Results and Discussion

SANS MeasurementsThe liquid alkane phase AOT reverse
micelle microemulsion was investigated by using SANS with
hexane as the bulk solvent an® = 10, as well as in
cyclohexane withV = 5, 10, and 18. The addition of 1.0 vol
% 1-octanol cosurfactant to cyclohexane with= 10 was also

SANS for the AOT/d-propane/f» microemulsion was
investigated with\V = 3, [AOT] = 0.06 M, temperatures of 20
and 35°C, and pressures of 138, 241, and 345 bar with solvent
densities ranging from 11.57 to 12.63 mol/L. The SANS data
reveal very little change with temperature and pressure with a
slight increase in scattering intensity at the higher temperature.
The data were fit with the PCF-HS model, as well as a poly
core form factor (PCF) model that neglects any interparticle
interactions by settin§Q) = 1. Both models fit the data well

investigated. The reverse micelle system studied consists ofwith a reverse micelle radius of-16 A within +£0.05 A,
deuterated bulk solvent and water core that are contrast matchedolydispersity of 0.62 withint0.04, and background values

to isolate the hydrogenated surfactant shell. The reverse micelleconsistent with the measured values. The closeness of fit for
neutron scattering intensity was modeled with a p0|y core form the two models demonstrates the relative weakness of interpar-
factor (polydisperse spherical particles with a core shell ticle interactions, confirming the observations of Eastoe et al.
structure) and a hard sphere structure factor (hard spherefor the AOT/h-propane/BD system withW = 20 and polydis-
interparticle interactions), built into the NCNR data analysis Persity values for the ED core on the order of 0.Z20The SANS

software®” The variables taken into account by the poly core

results obtained for thed-propane’v.= 3 microemulsion

form—hard sphere (PCF-HS) model include the micelle volume correspond well with the previous studies in compressed
fraction, average core radius (A), polydispersity, shell thickness h-propané; 48

(A), scattering length density (SLD) of the core @, shell
SLD (A-2), solvent SLD (A?), and the background (cm).

Liquid-Phase NSE Measurements.Liquid-phase AOT
reverse micelle microemulsions corresponding to those studied

The terms held constant during the fitting of the SANS data by SANS were investigated by using NSE and Figure 1 displays

include the micelle volume fraction determined from the
experimental conditions, the shell SLD for AOT at 642107
A~2 as obtained from the literatuf®,and the solvent SLD at
values of 6.7x 107¢ and 6.14x 106 A-2 for d-cyclohexane
and d-hexane, respectively.

the intermediate scattering functid{Q,t) / 1(Q,0), decay curves

for variousQ values. A majority of the measured decay curves
were eliminated for clarity of presentation. An indication of the
micelle dynamics can be inferred from the decay rates where
an increased decay is observed with a decrease in solvent

The background values were measured by the scattering ofviscosity from d-cyclohexane to d-hexane and with a decrease

the pure solvents over th@range and were fixed at 0.08 cfn
for d-cyclohexane and 0.1 crhfor d-hexane. The average core

in micelle radius at loweW values. The increased decay rate
is indicative of increased micellar effective diffusion where the

radius, polydispersity, shell thickness, and core SLD were [(Q,t)/I(Q/0) data are fit by eq 3 resulting in ti@-dependent
determined from the model fitting. For the case of the d-hexane Det shown in Figure 2. The diffusion curves demonstrate a
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Figure 1. The intermediate scattering function decay curves measured by NSE for the liquid-phase AOT microemulsions for (a) d-cytdhexane
= 10, (b) d-hexan&V = 10, and (c) d-cyclohexan#&/ = 5. The solid lines are fits of the data to obtdg; for eachQ.

— 0 d-hexane W=10 NSE measurements as well as a comparison of the micelle radii
e u determined by NSE, SANS, and the correlation length. The
S :gz:g:::::w:g micelle radii predicted by SANS are consistently higher than
1 oo octaro | 9] NSE but show very good agreement. Compariso& aind the
micelle radii shows excellent agreement for the reverse micelles
in d-cyclohexane; however, fakhexane&, suggests a slightly
increased interparticle interaction. This increase may be ex-
I plained by a decrease in the solvent interaction with the AOT
tails as the bulk solvent is changed from d-cyclohexane to
d-hexane. The solvent interaction can be characterized by the
Hildebrand chi interaction parametgt,of 0.011 for cyclohex-
ane-AOT and 0.11 for hexareAOT where the AOT solubility
parameter is calculated by the Hoy group contribution methét.
The greately for the hexane system would suggest enhanced
1 L L L self-association of the AOT surfactant tails due to the decreased
il SR e R e e solvent-tail interactions.
QA The Q-dependenDger contribution to the diffusion curves
Fir?Ufe io?dependent_diff#Sion results f)btain?g by NI%EI_fOFthe liquid- tcontains two distinct pieces of information, the position of the
phase reverse micelle microemulsion. The solid lines represent neak Q [Deg(max)], and the relative intensitex(max)Dy.
the fitting of the data points with eqs 4 and 5. The peak position is significant because it is identical with the
Q-dependent relation{micelle radius) as demonstrated in Table

Q-independent translational diffusion tery, and a distinct . L - .
Q-dependent peak that accounts for the deformation diffusion, 2 In a similar NSE study by Hirai et al. on AOT microemulsions

Dget. The reverse micelle size and the viscosity of the bulk :n d-hepthane WSM: 5, 10, and 22“ \;V&S (I:oncluged that at
solvent impact theDy, which corresponds with the Stokes ow W, the predictedQ [Der(max)] = #/R relation does not

16 i 1 - -
Einstein relation, given in eq 8 whergis the bulk viscosity. hold true=® In contrast, this _study with d-hexane and d
cyclohexane as the bulk organic solvent demonstrates convinc-

L=
=
T

D, x 10 (cm’ls)
o
1

-
o

1 — P)kgT ingly that the semiempirical relation does hold t#&1-53The
D= (8) intensity of theDger peak increases with increasing micellar
bRy dynamics, includindy. Previous studies have suggested that

the relative intensity of this peak is related to the dynamic
The V|SCOS|ty Of the deutel'ated SO|VentS was eStImated fI’0m properties Of the Surfactant monola%‘?rl as discussed below_
thg viscosity of the hydrogenated_ solvent analogues Wi.th ‘?'e“SiFV Table 2 lists the AOT monolayer bending elasticity deter-
adjustments, assuming the force independent, kinematic VisCosity g by eq 7 with the SANS polydispersity and NSE
of the deuterated solvents is equivalent to th_at Of. the hydroge- dampening frequencyl. The dimensionless bending elasticity
nated solvents. In the same respect, thg Stok@sstein relation constantsk/ksT, are acceptable in that they are positive and
can be used to determine a correlation Iengﬁp,from the less than 1, corresponding closely with accepted vaties.
measure®y by eq 9.5; has been used to determine the degree /5 es ofk in the 0.2ksT range are representative of surfactant
1 - films in nonrigid systems. These systems are very dynamic in
E = 1~ ¢ks 9) nature as demonstrated by measurements of the intermicellar
6D, exchange kineticd2%330ne example is the bending elasticity
constants measured by Binks et@lising ellipsometry for the
of interparticle interactions between the reverse micelles in AOT emulsion in various alkane solvents, observing a transition
solution by differences ing; and the micelle radiu¥ A from lamellar to bicontinuous organization{.0 kgT to 0.06
correlation length§&,, greater than the micelle radius suggests kgT). In contrast, the values obtained in this study are generally
increased interparticle interactions which are influential in less than values measured by SANS methods both independently
micelle dynamics. Table 2 lists the results obtained from the and in conjunction with DLS%21.5459.7Granted, the differences
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TABLE 2: NSE Results for the Liquid Phase Microemulsions and Comparison of the Reverse Micelle Radius Determined by
SANS, NSE, and the Correlation Lengtt

d-cyclohexane

d-hexane d-cyclohexane d-cyclohexane d-cyclohexane W=10+
W=10 W=5 W=10 W=18 1.0 vol % octanol
damping freq (Hz) 7.9% 10/ 1.29x 1¢° 4.22x 10 1.48x 107 3.24x 10
amplitude 1.3 1072 7.06x 1073 7.78x 1073 9.30x 1073 1.06x 1072
Q[Der(max)] (A2 0.120 0.170 0.124 0.082 0.116
/R 0.122 0.173 0.125 0.083 0.117
Dy x 107 (cn¥/s) 17.1 9.0 7.0 5.5 7.1
R(A) (NSE) 25.7 18.2 25.2 38.0 26.9
R(A) (SANS) 27.9 22.8 28.6 41.7 27.7
corr lengthé (A) 32.2 20.1 25.6 32.0 24.8
kiks T 0.19 0.23 0.22 0.26 0.19

aThe values for the bending elasticity modulus demonstrate trends consistent with micelle dynamics.

in k/kgT for the liquid-phase systems are small; the relative study yielded the followingA, = 1.77 x 10, (Jay|?= 8.64 x
trends observed correspond well with the predictions of micelle 1073, Dy, = 4.5 A2ns,RINSE) = 39.2 A, R(SANS)= 42.0 A,
rigidity as seen by micelle dynamics studies. As the bulk solvent polydispersity= 0.25, § = 40.5, andk = 0.22 kgT. This k
is changed from d-cyclohexane to d-hexaklgT decreases  value is comparable to those obtained by Kawabata and again
from 0.22 to 0.19 and thus a decrease in the bending elasticityis low with respect to other values listed in the literature for
would correspond to a decrease in the micelle rigidity. The the AOT reverse micelle system, but is very consistent with
addition of 1.0 vol % octanol cosurfactant to the d-cyclohexane the vales determined in this study and other microemulsion
W = 10 microemulsion also resulted in a decreas&/laT, systems” Thek determined for d-decan&/= 18.4 is less than
corresponding to a decrease in micelle rigidity. The addition of that for d-cyclohexan®/ = 18, suggesting a less rigid micelle
5 vol % octanol to the d-cyclohexand/ = 10 microemulsion would be formed with decane as the bulk solvent, as compared
resulted in decreased stability of the microemulsion and a two- to cyclohexane. The reverse micelle radii determined in the two
phase system. These observations are consistent with a decreasystems by SANS and NSE show excellent agreement. A
in the bending modulus observed with the addition of butanol correlation length greater than the micelle radius suggests
to the decane/AOT microemulsion by Fardg§dhe effect of interparticle interaction which may be expected based on
W on k/kgT is also small with a minimum observed fov = microemulsion stability and an accessible phase transition
10. This suggests an increase in micelle rigidity would exist at around 60°C.5° The Dy, values obtained for d-cyclohexane and
both lower and highe¥ values. Explanation of the observed d-decane also correspond nicely for micelles of comparable size
trends ink as a function ofV is most likely a result of deviation  in bulk solvents with similar viscosities.
from the surfactant spontaneous curvature as well as the ionic A wide range of values fok have been determined from
interactions between the surfactant headgroups aoxalues different researchers, instrumentation, and methods. Many of
where the existence of bulk water is minimal. Despite the small these methods are very indirect and in order to deterrkine
changes ik/kgT, the observed trends correspond with previously one must apply theories of varying depth and numerous
observed solvent and water content effects on micelle dynamiCSassumptions which lead to differences in the results. NSE is a
measured by the intermicellar exchange rate where a decreasglynamic method that determinkshrough thermal fluctuations
in micelle bending elasticity or rigidity would result in an in the surfactant monolayer as opposed to structural methods
increased intermicellar exchange ré&g.’? that use shape polydispersity such as SANS. Continued devel-
The bending elasticity constants for the AOT surfactant opment of instrumental methods and theory will lead to better
monolayer have been determined by other techniques. The mostinderstanding of surfactant films as they apply to applications
commonly referenced study by Binks et al. used ellipsometry such as reaction systems.
to determinek for AOT in the lamellar phase and reported values  |n all, the bending elasticity constant trends measured with
of 1 keT with heptane, octane, and decane as the oil phase atrespect to bulk solvent and water content are significant,
20°C. As the oil phase increased in carbon number to undecane particularly when correlated with the intermicellar exchange rate,
dodecane, and tetradecakedecreased to 0.4, 0.16, and 0.06, k., which has applications in controlling chemical reactions and
respectively, as a transition to a bicontinuous phase wasnanoparticle synthesis within these systems. The rates of
observed?®8 In another study, Nagao et al. used NSE and chemical reactions mediated within the cores of reverse micelles,
SANS to study the decane/AOT microemulsion in the dense such as metallic nanoparticle synthesis, are governed by the
droplet regime with equal volume fractions of@andn-decane  intermicellar exchange process, where the contents of the
at 25°C and reportet = 1.4kgT.%* The d-decane/AOT reverse  aqueous cores of two reverse micelles are exchanged. Investiga-
micelle system has also been investigated with defiedlues tion of chemical reaction rates by Fletcher et demonstrated
including the initial study by Huang et al. in 1987, who reported a decrease in thi with decreasing chain length of liquid
k~ 5kgT using NSE'® The d-decane/AOT/ED microemulsion  n-alkane bulk solvents and significantly lowle in cyclohex-
has since then been studied by using NSE by Farago &al. [  ane. Similar trends in bulk solvent effects on growth rates were
3.0ksT with W= 24.83andk = 3.8ksT with W= 24.47] and observed in our studies of copper nanoparticle synti@sis,
by Kawabata et al. with similar methods to this stublyH 0.3 well as the synthesis of cadmium sulfide quantum particles by
keT with W = 18.4]2850 Towey et aP* Additional studies orke, and reverse micelle
The d-decane/AOW = 18.4, T = 20 °C, reverse micelle mediated reactions, including Fletcher et al. and our study on
system was also studied on the NG5 NSE spectrometer at thecopper nanoparticle synthesis, have demonstrated a decrease in
NCNR during the 2003 NCNR Summer School on Methods ke or particle growth rate with increasing water content with
and Applications of Neutron Spectroscopy. Results from this W > 1032931.33.390ther studies have demonstrated a decrease



20398 J. Phys. Chem. B, Vol. 110, No. 41, 2006 Kitchens et al.

(]
d-propane 20°C 180 bar $ oou ® d-propane 20°C 180 bar
- 70f m d-propane 35°C 290 bar
v A d-propane 20°C 345 bar
*
®
~ 60
- 2
o_ o~
S §
= o 50
Cy =
= x
- 5
Q 40

0.044 0.08 0.12 0.16 0.20
0.054

d-propane 35°C 290 bar

QA"

Figure 4. Q-dependent diffusion results obtained by NSE for the
compressed d-propane/AQN/= 8 reverse micelle microemulsion.

TABLE 3: NSE Results for the Compressed d-Propane/
AOT/W=8 Microemulsions as a Function of Temperature
and Pressure

d-propane/AOTW =8 20°C 180 bar 35C 290 bar 20C 345 bar

damping freq (Hz) 3.5% 10° 7.26 x 107 3.60x 10’
amplitude 540« 102 4.53x 102 4.34x 10!
Dy x 107 (cn¥/s) 50.0 49.3 36.1
R(A) 21.4 21.7 25.1

corr lengthz (A) 26.8 28.4 31.4

0 2 4 6 8 10 12 14 16 kikeT 0.37 0.19 0.20

d-propane 20°C 345 bar

o
-

I(t,q)/1(0,q)

0.01

0.044

bar demonstrate the effects of increased temperature and
pressure such that the density and viscosity are matched with
values of 0.536 g/mL and 0.156 cP, respectively. The NSE
results at these conditions yielded excellent results with a distinct
peak whereQ [Def(max)] = a/R and nearly identical values
for Dy, as would be expected given the matched bulk solvent
viscosity. The NSE results at 2€ and 345 bar are questionable
where the expected peak in tlRs curve was not observed.
The results do indicate expected behavior in the @wange
with a decrease iDy with the elevated pressure and increased
density, corresponding to a higher viscosity of 0.184 cP for the
bulk solvent. The NSE results presented in Table 3 for
measurements at 2C€, 180 bar and 353C, 290 bar demonstrate
a decrease in the damping frequengy, and an increase in
] ) ) ] ) [ap|?Owith increased temperature and pressure. Additionally,
E'gKlrseé"fomﬁénéeorrr:eg:;‘zjcgnerg”g;g?:g%ldgﬁ%f:é‘rﬁjgfésured excellent agreement was observed for the reverse micelle radius,
T%e solid lines are fiFt)s of the dgta Itao obtdyy for eachQ. Data for Dy, and theQ [Deﬁ(TaX)] ~ 7R relationship. Values ofr/R
a limited number ofQ values are presented for simplicity. andDer(max) for 20°C, 180 bar were 0.147 and 0.146 and for
35 °C, 290 bar they were 0.145 and 0.140, respectively. The
in the exchange and growth rates as the water content iSNSE temperature and pressure study for d-decane/ACF/
decreased withV < 1033339 Comprehensive review of these 18.4 by Kawabata et al. showed th@#,|?0increased with
results suggests a maximum in the exchange and growth ratesemperature and decreased with pressure, indicating that the
in the vicinity of W= 10, which correlate nicely with this study.  micelle shape fluctuations are enhanced with increasing tem-
Given that an increase iy results from a decrease in micelle  perature and suppressed with increasing preS8ireis study
rigidity or a decrease in the bending elasticity constant, the NSE demonstrates an increaselja,|2(with increased temperature
results are in complete agreement with the results observed withand pressure at a constant bulk solvent viscosity, suggesting a

eéqE>O

o
-

I(t,a)/1(0,q)

0 2 4 6 8 10 12 14 16
Fourier Time (ns)

reaction rate applications. greater effect of temperature on shape fluctuations, which was
Compressed Propane Phase NSE Measurementsigure also observed by KawabataThe calculated correlation length

3 is the incoherent scattering function decay measured by theis similar to the micelle radius indicating minimal interparticle

NSE spectrometer for the compressed d-propane/N0OF/8 interaction as expected for a stable microemulsion at conditions

reverse micelle microemulsion at three conditions of varying far from a phase transitioh'®

temperature and pressure. Only a select few of the measured The values fok listed in Table 3 were determined by using
curves at the differen values are shown for clarity. Figure 4 eq 7 and polydispersity values of 0.25, 0.21, and 0.21 for the
displays theQ-dependenDes results obtained from the decay three conditions with increasing pressure measured by SANS
fits in Figure 3. The results at 2UC, 180 bar and 35C, 290 on the d-propane/AOW = 3 microemulsion. Assuming the
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polydispersity forww = 3 and 8 is the same in the d-propane of Energy-Basic Energy Sciences (DE-FG02-01ER15255). This
system, a decrease lnis observed with increasing andP at work utilized facilities supported in part by the National Science
constant density. Determination of the bending elasticity constant Foundation under Agreement No. DMR-0086210. We acknowl-
assuming a constant polydispersity of 0.giglds values of 0.43 edge the support of the National Institute of Standards and
ksT at 20°C, 180 bar and 0.28sT at 35°C, 290 bar. In the Technology, U.S. Department of Commerce, in providing the
case that a polydispersity of 0.30 is used, slightly lower values neutron research facilities used in this work.
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